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TINTROCIWICT I Ct 


The UTPR-10 reactor in cperation et Iowa State Univercity 
has been used to conduct trainine lo reacter operaticn, tor 
research in reéctor physics and eiglieerliig, and to provide 
service: is. related fields where the requirements cf the 
investigation are within the capabilities of tne reactex., 

The experimental facilities oi the reactecr have been used ir 
several projects reported im aqraduate student theses; however, 
‘yone has involved @n investigation of the neutren flux dis- 
trisuticn within the core of the reactor. 

The UTR-1C, a heterogeneous, thermal reactor, has a core 
ceuntiguraticn of twe fuel clabs separated by @ graphite in- 


beth socer- 


(ss 


terval reflector, LCe-jonizsed light water acts a 
ator and coolant. The ccre is surreunded laterally by e 
eraphite reflector, enc the water in the aluminum cere tanks 
provides an additional cne foct thick reflector for both the 
top anc bottom of the fuel slabs. (cur sural reds, loceted 
adjecent t. the core and ircide the reflector, vary the re- 
activity. The two safety rodc, located at the :crtheest aid 
scuthsast corners as shown in csigure 1 (a}, must se completely 
withdrawn eher the reactcr is in cperaticn, and the shime- 
satety red and the regulating red, located at the nertheedt 
oAd southwest cerrers, regpectively, centrol the reactor power 


level, 
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(a) REACTOR CORE X= 
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(B) THERMAL fence 
COLUMN ASSEMBLY 
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Cas 


The obtective cf this project was to examine the neutron 
flux distribution within the south core tank by determining 
the neutron activation of indium foils placed inside the fuel 
element assemblies. 4 limitec iiux survey was made in the 
eerth core tank tc previde @ vasis for comparing the nevtron 
flux Gistribution in the two sections of the core, and, in 
Saditicn, a limited eurvey af the cadmium retios in both sec- 
tiens wes conducted te ubtain an evaluation of the absclite 
thermal neutron flux at a few ctations within the cure. The 
investigation war conducted et a reactcr power «cf O.1 watt, 
and restrictions lwpesed or the centro] reds were that the 
regulating red be completely withdrayn and that the shim- 
cafety rod be manually controlied tc regulate the reactor 


power Level. 












_ 
ot — & Ss - TC 


a 


Ss —_ 5 <a a! : —_! qt 


2a —_- = = mt od mk \e cel ee | in 
Nia «& = ae = § =e 


ee eee —_- Om him! 


= . me |§ al « 
ai ew at fk io wee LU * 
© | 
> AP ee ee ber SLO Oe eth Oe I 
—_ —__ i—_ —a—=—= =— = a 


ci-_ -_ - ct «| =] a Ctl 
=] =) 2 ae /_ —_—_—__- - a 
(e316 ¢6 <ia== «< ies (on —— > @ 


2. 


REVIT@ ve 'IT&RKATURE 


The core of the UTR-10 ic divided into two fuel «lub: 
separated by an 1& in. thick yuraphite internal reflector. 
Bech sla cuntBines 61x fu€l @lemedts, @aclh of Which comeitis 
of twelve fuel piates spaced at a nominal distence of ©.40 in. 
The {uel elements ere supported in gn Séluminu.s. tank »hich 
contines the flow of the light water mederater-coolent through 
the fuel assemblies. The limitea «pace available in the core 
phere a veutren detector nay be located and the reyuirenvent 
fer immersion vf the detector in water vhile the reactscr is 
fn operatien restrict the choice of seutren detector, The ve 
-f{ thin foils as neutren-activation detectors is corpatible 
with these conditions, however. The foils offer certain 
Giutincet advantegqes, among which are: 
(a) The smal] cive permits their direct ireertics into 
the core, and only 4a sinali ccrrecticn is re.uired 
to accuunt for their disturpance of the fiux. 
(‘o) Imnercicn of the feils in the water tnside the cure 
moresents ne speci2l difficulty. 
(c) jexibility in choice of ttations tc .e coserved 
aAithir the core is permitted with the use of tuils., 
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ee with which the foils May be uved te obtain @ large 
nupeer cf observations throvehwut the ccre is advantageur.. 


in comparison with foil detectors, some direct readina device 
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sucn @8 @ winiature icn chawoer would involve 2 mere cunver- 
seme installation within the core and increase the difticulty 
cf determining the pesition ci the detectcr within the cre. 
peutron ectivation ot ¢cld and indium teils hes veen 
widely investigated es a aeans ct ceternmining the thermal 
neutron flux in a reactor, {rice (llb) discusses the tunde- 
~wental use of roil neutron daetectors, The oasic nuclear 


reaction oft neutrons with indius is 


in exists in & metastable state and a greund state with 


respective halt lives ot $4.0 sin. and 13 sec.; however, 5 
Lion | ; + . - 2 ~ ¥ 
alone can be detected after waiting « iew 


iit 


decay cf In 


minutes tor tre short lived ir to decay tye an inconse- 


| , 3 
wuential level, Cther reactions of fast neutrons with in? 
may complicate the decay schenes, but the 54.0 .in. pericd 
cén be counted e@imost exclusively. 


activetion cf goid teii occurs as @ result of tne nuclear 


reaction 
1¢7 we 1cé 1S& 
pe! oe 2 on - ty As - SO" Ae P 
S , , q : Lvu 4 . . ‘ 
Accompanying the p decay of ..u is the enissicen ot 0.41 sev 


~ radiation, cola (14) has preferred to use 6 y radiation 
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detector ir order to reduce the effects of foll self- 
absorption of » radiation as compared with the absorption of 
p radiation. Klema and pitchie (7) uced the y radiation fro. 
both indium and gold foiis in their investigaticn of thermal 
neutron flux messuremert in oraphite. 

Torine the pericd from 1935 to 1957 a study of abreclute 
thermal neutron determinaticn was made at Nerth American 
Aviation, Inc., Downey, California. The repert of this «study 
Gives an cversll view of the basic problems, In Part J, 
Greenfield et al. (8) discuss Using indium foil te measure 
cadmius ratios and the pertinent correction factors invelved. 
Koonty et al. (8) report the effects of thickness on self- 
acattering, velf-absorption, and backscattering of » particles 
from indium foil. Greenfield et al. (6) conclude the report 
with 6 discussion of determininc absclute thermal neutron 
flux vith the absolute specific disintegration rate of indium 
foils. The technique involved 5 particle counting in a 
windevless proporticnal counter with 297 gecnetry. 

The correction of the observed activity induced in goid 
and indium foil has been the suusect of many investiyations, 
beth Skyrme (13) and Bothe (3) have develicped theeries fcr 
the *tfect of the seutron detector in a diffusion medium. 
Skyrne's theory wes develeped icr 8 thin dise and included 
the etfecta cf foil celfe-shlelding end tlux depressiocn in the 


Siffusicn medium. udecthe's theory was developed fer the flux 
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perturbation cf spherical detectors, but Tittle (17) hag 
modified the theoretical develcpment and has sheen expert- 
mentally that it can be applied to thin disc sbsacrbers. 
Ritchie and Eldridge (12) present a thecreticel discussion 
in extension of cothe's and Skyrme's theories. ‘Cola (i4, p. 
78) briefly reviews the findings of several cther investica- 
tions and contributes his own data for gold foil in @ graphite 
sederator, Kunetadter (9) presents corrections tc be applied 
to the activity of neutren activated, cadmiumecovered indium 
folls, and Wartin (10) discusses these corrections fer both 
gold and indium fotls. sor the most part, the investigaticns 
have confirmed Sothe's theory; however, Thompson (16), ex- 
perimenting with indium foil in graphite, has obtained ex- 
perimental results in closer agreement with oxyrme's theory 
than with Bethe's theory. fitch and brummond (4) have 
Obtained experimental results for the neutron flux perturba- 
tien of indium feil in water, and their data suppert Bothe's 
theory. 1. a statement prefacing his review cf the literature 
Sola (14, p. 78) remarks appropriately: 

A somewhat confusing impressieon arises from the 

differert cenclusicns drawn by suthore when they 

compare similar experiments with the existing 

thecries. This is generally due to a lack cf 

agreement om the definiticn ef flux perturbation. 

Aledo, the different theories do sot give the same 


results, presumably owing to differerces i: teth- 
eds ci appreech, 
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LIST GF SYMBGLS 


(odl activity, cpam./g. 

Specific foil activity, satureted, cpx./g. 
Saturation activity from epithermal neutrens, 

cpm. /q. 

easured saturation activity from therival neutrons, 
cpn./g. 

Saturation activity from thermal neutrons, corrected 
for flux depression, cpmr./g. 

Tetal saturation activity cf cadmiuneccvered fcll, 
cpm. /@. 

Cadmius ratic 

Absorber average thickness, cm. 

Cadmium cerrection factecr 

. lux perturbation factor 

hatural logariths 

umber of observed nuclear avents, counts 

Cbserved decay rate, cpa. 

Average decay rate cf radicnuclide, cpu. 

Tiitial decay rate cf foil at reactor chutdtwn, cpm. 
Absorber radius, cm. 

Background counting rate, cpa. 

Oserved Gountiry rate, cpm. 


Counting rate cf standard scurce at time of ccunter 
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calibration, cpm. 

Ceunting rate of standard source at tine of chserve- 
tion of foil, cpa. 

ruil irradiaticn time, min. 

Time, min. 

Time at which the average cbserved decay rate is 
applicable 

Time at the beginning cf observation 

Time at the end of cpservaticn 

:O41 weight, g. 

Probability that a neutron will be abscrbed in a 
¢ingle traversal cf a detectcr 

Time interval of cbservaticn, min. 

Elapsed time after begirnirg cf observaticn,; min. 
nadioactive decay constant, oT ae 
Transpert mean free path in ncderater, cn, 
Thermal neutron flux, f/ tw.” = 808% 


| =i 
Macrescupic absorption crose section, cm. 
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EXPERIMUANTAL @ULUIPMENT 
AGtiveticqn Peils 


Neutron detectors ir the core and inermal column vere 
indium foils cof reperted purity 99.97... The foils were i cm. 
square end 0.902 in. thick (35.C wig. fom, *)s each fell was 
weighed to an accuracy of 0.1 mg., the average weight ceing 
O.G354 g. The geld fells used to calibrate the activity of 
the indiua were circular, .5 in. diameter, and 6.00) in. 
thick. They were weighed to an accuracy of O.1 ug., the 
average weight being 0.06039 a. The indium frills were wrapped 
in aluminum foil (0.0017 cm, thick) to protect them during 
irradiaticn in the reactor; however, no prcetective cover was 


required for the geld folis. 
Radiation vetection Cyutpment 


A Nuclear-Chicago 2? oa: flow detector, Model UNed/, 
eyuipped with a micromil window waz used to detect the p 
radiation from the activated foils. The detectcr and tell 
were @closed it. a igad shield to reduce the background 
cuunting rate. The output pulse of the detectcr was amplified 
through a luclear-Chicago model -47F preenplifier and war 


registered a1. @ Wuclear-Ciicago decade scaler, Model 186-:. 
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Thi: particular ccembination cf detectcr, preamplifier, and 
Aecade scaler had been previously calibrated with gold foils 
activated in a knewr thermal neutron flux. Cperating condi- 
tions of the radiation detection equipment were: 
(a) Preamplifier cain -- 5 
(b) Cecade ecaler 
high voltage -- 2100 volts 
input sensitivity -- 2.5 sillivolts 
(c) Ses flow detecter 


s@S pressure -- 3 psig. 


= 


Standard Padiaticn Scurce 


A urenium standard source was used te detect small varia-~ 
ticns in the reepense of the detecticn eyuipment between 
euccessive days’ cbhseervaticns, The ¢tcurce was marked sc that 
the physical gecaetry cf the scurce within the lead shield 


could be Kept constant. 
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EXPERIMENTAL PAGCEOURE 


General 


Neutron activation of indium foil was selected as the 
method for obtaining the relative flux dictribution in the 
core. The cadmium ratio obtained at selected stations 
permitted the calculation cf the indium saturated thermal 
activity. This activity was expressed in terms of thermal 
neutron flux by comparison with the activity of a gold foil 
used to determine the thermal neutron flux in the thermal 
cclumn, ‘ore detailed discusz:ion of these procedures appears 


in the subse vent sections. 


Selection cf Stations in the Reactor 


five basic stations were selected along the vertical 

lenoth of the fuel plates, the center station falline cn the 
centerline cf the fuel within the plates. Two stations were 
selected near the top and bottom of the plates at a distance 
of G9 in. from the centerline. These stations were 3 in. 
inside the cuter limits of the fuel inside the cladding. 
Finally, two intermediate stations were selected at 2 dis- 
tance of 4.3 in. from the centerline. The external stringer 
on the dummy fuel assembly (figure 2?) chows the location of 


the five vertical stations on one fuel plate. 








: ™ @e 
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More observations were desired in the seuth ccre tank 
than tn the rorth core tank because of the more stable 
operating conditions existing in the south tank. Artificiel 
Operating conditions were imposed so that the regulating rod 
was completely withdrawn and remained stationary during the 
run; conseguently, there was no variation of the core 
geometry in this region. However, the position of the shim- 
safety rod had to be varied to control the reactor, and this 
position varied between succeccive runs, as seen in Table l, 
Since this variation in core geometry was unavoidable, fewer 
cbhservetions were desired for the north core tank. An addi- 
tional reyulirement was to have mere observations in the 
immediate vicinity of the control rods in order to detect any 
influence thet they may have had on the flux distribution in 
the core. lateral stations were selected in accord with 
these reyuirements. figure 1 (a) illustrates the notation 
for designating these stations, and the stringer inside the 
dumay fuel assembly (figure 2) shows a typical location of 
the foils within the assembly. 

bince the data could not be ebtained simultaneously for 
@ll stations, two additional stations were selected within 
the thermei column, Station A was a cireular depression 
located 48 in. from the south end of the central stringer in 
the thermal column. station B was a similar circular depres- 


clor located SC in. from the south end of the stringer 6 in. 
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fable 1. Heactor operating conditions 
bam 38 Late meaderater Reg. rec Giim red Ccram feactor 
mm. waev I967 tempo, °F pesitien pesitien tim UW eZ 
ae.. in Guy wn. Ln, watts 
iL 320 L-id $$ Sl c. 6.2 LI C.® 
2 $2. lel 89 8&2 3.8 6.7 16270 ..© 
S 827 1Le22 88 B2 9.8 7.4 1619 ».1 
4 333 1-29 a5 $82 cut 4.6 5612 eo 
> 833 1-29 S87 $81 Cut 4.4 17G0 G1 
© 825 #£®1-31 38 83 cut 5.9 0929 &.4 
/ 3838 $23-2 @? Bi wut 4.5 CORBL e.1 
G@ 340 2-5 6B 82 cut A.7 C942 7.8 
G 3A} ned 89 &3 ert 4.8 1627 ce 
ic 32 £26 88 83 out 5.0 1108 o.7 
Ji 344 2-7 90 &3 eut 4.9 1024 2.2 
2 844 2-7 87 83 out 4,8 1129 G.1 
13 4347 2-9 84 78 cut 4,4 i187 Gel 
14 248 2°12 86 60 cut 4.8 C9SC &. 1 
18 359 3-15 G3 81 cut 4.7 i100 Ged 
1 36) 3-19 BE 8&6 cut 4,0 1611 oe. 1 
1/ 361] 3-19 83 83 gut 344 1706 Oe, J 
18 362 3-21) B7 86 cur 4,0 105& e.1 
ig 262 3-21 S6 a6 owt 4.0 SS © seb 
7 Be 3-22 86 6% cut 6.2 1043 oO. 1 
21 367 3-28 S88 ee cut 4,0 LL, ae 
a2 367 3-28 88 &/ cut 4.0 1132 ac 
2s 369 3-29 2/ 87 out 6.0 1004 2.1 
74 369 3-29 8 85 cut 3.8 1051 Fol 
es 70 3-30 S86 86 ct 4.0 1624 oO. 1 
eO «=3I2 0 = AH? SY 87 cut 4,C 1 OB ae 
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immediately belew the central stringer in the thermal column, 
figure 1 (b) shows the positions of these etringers in the 
thermal column. ‘oils were irradiated in these standard 
stations in each run to permit the data cf successive runs 


to be corrected to one commen basis. 


rcii Irradiation in the Core 


The prepared indium foils were taped to rigid Flexiglass 
«tringers, 3/16 in. x 5/8 in. x 36 in., and suspended in the 
core between the fuel plates. io more than six foils were 
placed in the core at any one time; the minimum separation of 
any two of the foils was, in one case, 3.3 in. but in excess 
ef 9 in. in all other cases. To maintain @ constant reactor 
geometry near the south core tank, the regulating rod was 
completely sithdrawn for each runy and the reactor »a35 con- 
trolled manually «ith the shinesafety rod. The reactor 
Cperator attempted to maintain & reactor period of 30 sec. 
vehile bringing the reactor up to a power of C.1] watt. After 
reaching this power level, the reactor was continued in 
operation for 15 min. before being shut down by a scram, 

In addition to following the starting procedure described and 
timing the period of irradiation, the activity of the foils 
in the thermal column gave a measure of the integrated flux 


received by the folls in the core. 
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To obtain cadmium ratios in the core, the foils were 
enclosed in sheet cadmium 0.010 in, thick, taped to the 
Plexiglass stringers, and irradiated under the same condi- 


tions as the bare foils, 


Cbhservaetion of Foil Activity 


The activated foils were removed from the stringers and 
stripped of the protective aluminum cover. The foils were 
placed on an eluminum suppcrt plate in the lower shelf of the 
lead chamber, and cere was taken to place each foil in the 
same geometrical position within the chamber. The p decay 
was observed for a sufficient period of tine to attain a 
statistical accuracy of 14 or better. Host of the foils were 
eufficlently active so that only 4 twoeminute observation was 
reguired. The total everits recorded on the decade scaler and 
the times of beginning and ending the observation were 
recorded, The standard source was observed both before and 
after the activity of the foils was measured to ensure that 


there was no malfunctioning equipment. 


Calibration of indium Feil activity 


Soth bare and cadmiumecovered indium foils were activated 


8t Station A in the thermal column, The gold foils were 
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irradiated for 20 minutes at 8 reactor power cf 20 watts in 
order tc ensure that there was cufficient activation for 
accurate observation of the ~ decay. The bare indium toil 
was irradiated for 15 minutes at @ reactor power of 0.1 

wett; however, the cadmium-covered indium foil was irradiated 
fer 15 minutes at a reactor power of 1.0 watt to attain a 
greater leve! of activation than would be possible at a re- 


actor power of O.1 watt. 


7 
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RESULTS AND DISCUSSICN 


The activity of each indium foil irradiated in the 
thermal column at Stations A and & was calculated. The ob- 
served activity was corrected for background, radioactive 
decay from the time of reactor scram, individual foil weight, 
and variation in response of the radiation detection eyuip- 


ment, The eguation accounting for these factors is 





” * o* Rae 
A 3 Fae - T,4 = . cpm./qQ. (1) 


Appendix A contains the explanation of the term eX® in cor- 


Food 
Me, 
& 


recting for radioactive decay. The term aF allows for minor 
cr 


variation in the response of the proportional countine equip- 
ment or for evaluating the performance of the equipment when 
ene component has been changed. Finally, dividing by the 
foil weight, W, allows for variation in the individual foil 
sizes. 

The calculation of the specific foil activity involved 
selecting a common basis to which to adjust the data of the 
different reactor runs. The activities of the two foils ir- 
radiated in Stations A and B for each run were compared with 


Run 18 in a ratio defined as 









ie “me 2 >) => > a> 
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Le as 


Ratio, , = 183), (2) 


where i = run number, end j = Ay i. 


The selection of Run 18 és a basis for the comparison re- 
flected consideration of a representative waiting time amone 
the observations and @ minimum variation between Ratio; and 
Ratio; . for all the runs. The foil activities and the ratios 
are compiled in Table 2. The percent difference between the 


Ratios A and & in any one run was arbitrarily defined as 


Ratio, a, 7 Ratio, g 
Percent difference = eee: >; |; 1 aiid 100 (3) 
rat OL AA 


The normalizing factor used to adjust the data to a common 
basis was the arithmetic average of the ratios: 


Retio, ,+katic, . 
Normalizing factor, = antinh? Sanneindt (4) 


The specific foil activity of all the foils irradiated 
in the reactor core was calculated from 
normalizine facter l 


Ag 7 * Sie. depression factor | _ aT cpm. /Q. (5) 


where A was evaluated by Equation 1, The term 1 - e AT 


corrected the activity to a saturated level. The flux 
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Table 2. hormaliving tactcrs 
Sun Foil patie with rercent iormale- 
No, activity fun 18 dif- izing 
> A z terence factor 
percent 
uf 
ratis A 
1 12.17 i\.88 9.6865 9.0950 -9.8 0. O97 
2 10.97 11.26 0.0936 0.0953 -1.8 G, 0945 
: Ete 62. YO 0.4909 €.4899 0.2 C.4904 
4 2.217 2.4i1 0.4632 6,44580 3.9 0,454] 
5 f.igd & 185 0.46898 6.4979 -3.6 C.4594 
6 a.203 2.4598 0 elo. 9 43)2 =“ 1 C.431] 
7 2.935 3.096 0.3499 0.3472 0.6 CO, 2486 
8 2.2¢4 2,386 0.4636 0.4856 -0.4 0.4546 
g &.320 3.326 0.3093 ©¢.3041 Le? O, 3067 
ie 2.261 2.389 0.4542 6.4548 0.6 0.4545 
2a) 1.32) 1.889 O.6754 6.6588 2.4 0.6671 
12 =. L178 2 @710 O.4715 C.4727 “0.2 0.472 
le 2.28% 2.363 C.42494 6.454] “1.0 C.4518 
14 2.308 2.358 0.4450 ©,4550 “2.3 c.45e6 
S 2.228 2,464 C.4610 9.4359 2. 5 0.4482 
16 2.278@ 2.280 9.4504 0.4769 -5.9 ©, 4657 
i 2.3156 2.296 0.4430 6.4756 ~7.4 C.4594 
i§ 8 (AT 1.@000 1.0060 0.6 1.0000 
ig 2,g02 2:929 0.4456 0.4615 -3.6 0.4835 
20 2.222 2.244 C.4622 0.4782 “3.4 0.41/92 
2 2.432 2.250 ©.4817 90.4769 1 0.4793 
24 2.2.8 @. 361 0.4440 ©,4845 -2.4 90,4492 
23 ?.773: &. 28 G.4506 0.4639 “2.9 0.4573 
26 - 24,53 ~ O. 0437 CFO467 
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deprétsion factor for indiua foil in water was that oiven by 
eitch and Drummcnd (4, 5. i6) as ©€.910, and the decay cen- 


e be | Pd By] ™ e ~~} s | a 
giant fur indium-ilom wes 0.901254 win. bas¢a wa a wal! liis 


Of Sae0 win. listed by Stromingser et al. (15). 





erice iilby ¢. 289) diecuceed the correction necescary 
ta célculate the saturated thermal activity ci the cadmiiu- 
cuvered ingius toils and gav® the tut balic relations fs “og 


udeco in th&eé cabcubLaticns: 





S10 “th 
a wen (0; 
we 2 * = ee Se Tye 7) 
"Where 
7 *] - ye (2 Oe = z.* ¢" p, (ae) (f) 


s value otf F = 1,019 tor indium of 25 m@./cum.” thickness 


Ca 
was extrapvlated from Fioure G=17 (Frice, lluy p. 290)3 teowe 
ever fauation 7 is not valid ier indium foils in water. The 
redius cf a cirevlar fcil cf cone square centimeter area is 
0.564 cm., and this dimension is not very wuch different from 
A, Tor water, 9.425 cm, Cconsesuerntly, no correction was mede 


aE 


fcr the flux perturbaticn, et the cadmiic-cévered inaiuy 


* pile? 
fcil in wéter, The calculaticn: then vere: 





we = | 
oT: = ra _ {S) 
where 
Sibg td ~ 
a = - he qf \ 
CA A (Ca) Png ‘nw 
“ Ww 


Tne specific counting rates «ft tne rare and cadmium-TLovered 
file and the cedmium rative exe compiled in jiavle 3. 
The caoliwxation @f{ mdiuin foil te determine the *therma! 


ron flux in the reactor cuore «38 based on the comparison 
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id 
cr 


ef saturated thermal activities of gold and indium fvils ir- 
radiated in the thermal colusn at ctaticn A. The activities 
vf the gold foils were corrected much the cane as orevicusly 
etated fur the indium feils. The specific fcil activity »as 
Céleulated with Lwyuations 1 and 5, tn which the flux depres- 


eicn factor wae not used and the decey cunstant was 1.763 «x 
-h i 


10 in, ~ based on @ half 1lifé@ of 2,70 day 


ai} 


listed by 





strumincer et @i. (15, p. 7/4). The factor ton for cadmiume- 


1 
tee 


éivéred gold foil was 1.01 (Martin, 10, p. 52;. S&ucom (?2} 


listed the macrescepic absorption cross section ci geld as 


5.02 oom. 2, #4S cerrected to chtain the effective cross 


section at (i°Yy before determining q from the craph presented 
in Frice (lle, op. 288). Tne flux perturbation, Pap? Wes 


céiculated using Fyvsetion /. ting thé wasic relationships 


described in Price (lib, p. 287) 
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A, * Fe, LA, Fogh., (Cd): cpm. /q. (11) 


the gold foil saturated thermal activity, corrected for flux 
perturbetion, was determined. Then the thermal neutron flux 


at Stetion A was calculated from the relation 


S Py om 

et * n./em, “-sec. (12) 
ot 
where K = 2.1284, a calibration constant for the 
radiation detection e.,uipment to 
convert the acld foll saturated 
theriaal activity in cpm./g. to 
units of neutron flux 
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24,045 cpm., the activity of the standard 
uranium source at the time 
of calibration. 1} 


* OF 


The results of the calculations showed that the thermal 
neutron flux at Station A wés 3,890 x 10‘n/em. *-sec. for @ 
reactor power level of 20 watts. It wat assumed that the 
flux et Station A decreased linearly with the reactor power 
level. «sith this assumption the thermal flux at 0.1 watt 
power was 1.945 x 10°n/cm. “-sec. 

The calculation of the saturated thermal activity of the 
indium foils at Station A was identical to that for the gold 


foils with the exception of the constants which pertain to 





loanofsky,; Richard A.,y Ames, Iowa. Calibration of the 
2" gas flow detector. Private communication. 1962. 
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utation specific Specific Cadailu.. Thermai 
cuuntine counting ratio neutron 
rate for rate icr f bux 
pare tolls Cd-covered 
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10” Gam /¢. LO epies/9% 10°n/ om. *-saec. 
ili Sw)-l 1.80 O,965 1,83 O.29C 
“3 3,54 
t a Sh }-2 1.83 
-< 242% 
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M2(50)-3 4,49 
NO(G) )-2 5. 8 
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heS( 7H) -1 2.63 0.644 4,22 C.965 
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+S 2.01 
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tation Specific Specific Cadmium Thermal 
ccunting counting retio neutrer 
rate fcr rate for flim 
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10" cum /o.. 10°cpm./c. 10°h/ cm, “=84c. 
hoe(Snjel 2.08 
-3 cree, 
S1(SF)-+2 4.97 
si (GE }e-i 2.05 
=a 4,08 
~iE; Zz. i? 
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Wo . 76 
oF 3.8% 
St(GF)-1] 2,31 
3 GS. G6 
»% 5.36 
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the type of foil being used. It w3s accsumed that the effect 
of a square foil detector on the fiux perturbation would be 
the same as that of a circular foil of the same area. The 
radius of an equivalent circular indium foil was then 0.564 
cm. Baucom (2, p. 199) listed the macroscopic absorption 


cross section for In as 7,30 a, 


This value was corrected 
to obtain an effective cross section for the absorption of 
neutrons. Equation 1] «as used to determine the saturated 
thermal activity of the indium foil -- 5.580 x 10°cpm./g. 
This activity cf the foil corresponded to the thermel flux 

of 1.945 x 10°n/em. “+sec. at station A, The thermel neutron 


flux at stations within the core wes then scaled directly from 


the reléetionship 


Pea 
th Esra st 


_. 8 
= C,3486 A, thermal n/cm.“-sec. (13) 


t 

The results of the calculations for the thermal neutron 
flux appear in Table Ss; however, these data are inconclusive 
to the extent that no correction was made for the flux 
perturbation of cadmium-ecovered indium fells in water, 
Cperational commitments of the UTK-10 reactor prevented a 
more thorough survey of the cadmium ratios in the core. 


J€7LG, a Comprehensive view of the thermal neutron tlux 
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Table 4, ‘fuplicated data for specific foil activity 








Station Specific foil Uilfference rercer.t 
activity between difference 
A 5 A and & between 
6 6 A and 3 
10°cpm./q. 10° cpm./e. percent of A 
N1(3a)+3 32,54 4.16 -0.62 ~17.5 
N3(7W)-1 3.63 3,46 0.17 4.6 
- 3.83 4.69 -0.26 - 6,8 
*5(Gw)-3 4.96 4.97 “0,01 - 6.) 
S4(5w) 3 7.29 7,64 -0.35 - 4.9 
54 (9u)-1 6.24 4.12 G.12 2.8 
-5 4,26 4.14 0.12 2.8 
S6(54)-3 4.2] 4.24 =) .03 - 0.8 


distribution in the core was not obtained. 

Two reactor runs which duplicated twce previous runs were 
made to investigate the degree to which the data could be 
reproduced. Table 4 shows the stations and a comparison of 
the specific foil activity of the original run in Column A 
with that of the duplicate run in Column 8. In the south 
core tank, Run 24 was the duplicate of Hun ll. The percent 
difference between these two runs varied more widely than ex- 
pected on the basis of the ctatistical counting accuracy. 


The data obtained in the north tank vary even more. The 
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marked variation here is attributed to the difference in 
operating conditions of the reactor. Run 25 attempts to 
duplicate the results of sun 5, but the proximity of the 
shimesafety rod and the difference in its position in the two 
runs, Teble 1, have undouotedly created the large disparity. 
Tt is noteworthy that there is @e lercer difference in shine 
safety rod positions for Runs 1l and 24 in the south core 
tank, but the effect on the activities there was nct appre- 
ciable because of the 24 in. distance separating the control 
rod from the nearest point of the tank and the generation of 
neutrons in the north core tank. 

The accurecy of the results compiled in Table 3 vas 
primarily influenced by the manner of selecting a normalizing 
factor, the accuracy of some of the constants uced in the 
calculations, reactor operator technique in conducting the 
run, and the omission of a factor for the flux perturbation 
of cadmium-covered indium foils in water. Cf these items, 
the normalizing factor presents the greatest error. Next in 


order of magnitude is the omission of for the calculation 


“th 
of the thermal neutron flux in the core. Althoueh the litera- 
ture contains relatively abundant material ebout flux depres- 

$10n Gf neutron detectors in a grephite moderator, very little 
discussion involving a water moderator was found. Reactor 


operator technique in starting the reactor and maintaining a 


fixed power manually and the accuracy of the constants 





involved in the calculations were the least sources of error. 
The observed data, the normalizing factors, and the associated 
standard deviations are presented in Aprendix 3. 

All the calculations were carried to five significant 
figures, although some of the constants were given only ta 
three significant figures; the tabulated results are rounded 
to four significant figures in Table 2, which contains the 
intermediate data used in subsequent calculations. In Table 
3 the final results of the calculations are correct to three 
sfonificant figures. 

The specific foil activities in Table 3 have been plotted 
in a series of graphs to illustrate the neutron flu» distribu- 
tion in the reactor core. figure 3 shows how the flux in the 
south core tank changes in the direction of the X and Y axes 
in a plane of constant 7 value. Comparison of the three 
parts shows that the neutron flux lacks symmetry with respect 
to the vertical centerline of the core tank, This effect is 
more cleariy demonstrated by the curves for Y Station 2 et 
the horizontal centerline of the fuel assembly than tor Sta- 
tions 1 and 5 at the top and bottom of the fuel asseinbly. 
rrom the outer edge of the tank toward the centerline, the 
flux increases more rapidly in the west half of the tank than 
occurs in the east half. Although the maximum points of the 
curves are not vell defined by cbhserved datz, the relative 


magnitudes of the flux in fuel astemblies S23 and S4 indicate 
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that the maximum lies within "4, rather than on the vertical 
centerline between “2 and C4. The anti-symvetrical dic- 
tribution ct the tlux with respect to this centerline is 
a@itributed to the influence of the safety rud. The sive 


3 e 


ef the regulating xed is Zin. x 2 in. x 1/8 in., whereas 


we? 


the Size cf thea sefety red is 7 im. x @ im. « 1/8 in. (1). 
Tre Greater amount ef Sorel in the safety x.d depres¢es the 
flux on the east cide of the tank at tuel assemblies S4, JS, 
and GSO, This eftect is evident to a much les: degree at the 
tip of the core tank at 7? Stations SY ond GA. In Figure 3 (b) 
the difference in the magnitude of the fluy at the top and 
tcttom cf the fuel assembly is mere marked then is evident tin 
icure 3 (@ and cc) and indicetes lack cf a symmetrical dice 
tripution ebeut the horizental centerline ct the fuel 
assembly. 
There are thrée data prints chown in [icure 3 that area 

considered $1: error -- tym in Bart b and ene in Part c. 
These three points aexe obtained during mun 15, Gut the addi- 
tional three ;uints cbtained in the sewe run avueared ft» dive 
satisfactory results. wvnen ail the foidese iot the run nad 

een coserved and the propertisnar. counter «a checked sith 


the standard source, 2@ low counting rate fur t! 
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minatian of the e.uipment revealed tiet the renu- 
hated gas pressure had fallen !rum 5% osig. tc 4.9 psig. end 


thereby nade tne ralianility cf the data curcticnente, i owe 
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the foils from Stations A and 3 were the last foils of the 
run to be observed, the normalizing factcr was greater than 
it should have been, Consecuently, the specific foil activ- 
ities were too high for part of the data and apparently con- 
sistent for the remainina date of Run 13. 

-igure 4 shows the flux magnitude in the south core tank 
in the direction of the © and Y axes in a plane of constant X 
value, Since only the three data points were obtained, the 
¢hape of the curve is inconclusive, and only the relative 
magnitudes cof the flux are intended to be shown. -:igure 5 
shows the same type of information for 7 stations in the east 
half of the fuel assembly; however, these points were obtained 
from the curves of jigure 3 and do not represent observed 
data. The inconsistency of the data obtained in Run 12 is 
again evident in rigure 4, 

Purely by circumstance, the stations chosen in the fuel 
assemblies at S6(5¥) and S1(5E) were immediately adjacent to 
dummy fuel plates in the assembly.* i_nfertunately the data 
are not sufficient to determine the influence of the absence 
of fuel in this region; however, :igure 3 and sigure 4 show 
no marked change in the flux as a result of the dumny fuel 


plates. 





leurphy; Glenn, Ames, Iowa. rvel inventory of the 
UTR-10 reactor. Private communication. 1962, 
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Figure 6 shows the change in the flux in the direction 
of the Y and ~ axes at a constant value of X. Although the 
magnitudes of the flux are much the same, there is yet indi- 
cation of the lack of symmetry with respect to the horizcntal 
axis through the tank. The fuel assemblies SA and S6 exhibit 
noticeable anti-symmetry, but the data for 35 are inconclusive 
as a result of the faulty data of kun 13. 

tigure 7 shows the flux distribution in the north and 
south core tanks at 7 stations adjacent te the control reds 
and provides a comparison of the flux magnitude in the two 
tanks. At the top of fuel assemblies Nl, N2, and K3 the tlux 
is greatly depressed in relationship to the flux at the bot- 
tom of the assembly, and the contrast with the conditions in 
the comparable fuel assemblies in the south core tank is 
marked. This effect is attributed to the proximity of the 
shimesatety rod end its action as @ neutron sink. Secause cf 
the varying position of the shimesafety rod in successive 
runs, the shape of the curves drawn for the north core tank 
is somewhat questionable, but the relative magnitudes shculd 
be representative of the actual conditions in the tank. Table 
S assists in comparing the flux magnitude in the two tanks. 
The specific toil activities in comparable stations near the 
control rods are listed vertically to provide a ready refer- 
ence. At all stations in the north core tank the flux is 


significantly lower than that of the south core tank, and 
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the greatest contrast is shown between the flux levels along 
the horizontal centerline of the core tanks. The data do not 
permit determining whether the flux depression is caused 
solely by the presence of the shimesafety red or if, in ad- 
dition to the control rod, other factors are acting to depress 


the flux. 




















eee ee) ee —— 
ee 
Pee Pe 
“es « “ie bt) =o 62 pa Oe 
mt whe ee ee) Se 


= 








to 
O 


N 
O 


SPECIFIC FOIL ACTIVITY IO cpm/g 
Os oO) 
OS O 


N 
O 


Paroire > , 





38 


S6 SS 34 $3 S2 S| 
FUEL ASSEMBLY 


Neutron flux distribution in the south core tank 
(a) Z stations, 3 east and 3 west 
Vo eecee Che honsomomcaGt and Svecr 
(c) Z stations, 9 east and 9 west 





70 


6.0 


3.0 


4.0 


NE 


70 


6.0 


9.0 


4.0 


SPECIFIC FOIL ACTIVITY \06 epm./g. 


figure 4, 


39 


SOUTH 6 


—-9- £2 __. 
Fo 
3-1 O 
3 
a, - ie 
SOUTH 5 
3-60 


Bao4 





Z STATIONS, WEST 


Neutron flux distribution in the scuth ccre tank 





40 


60 SOUTH 6 
a ee ee, 
— “0 0 
& 
Q. 
v 40 
To 6? 
O 30 6k 
c 
eae 
i 
O 
<{ 
= 
O 
Le SOUTH 5 
o 3 
ii, <7 Ba A ee 
a 
uv 60 

5:0 

ae, 
4.0 aa a ean 
= -Z 
3 5 7 9 


Z STATIONS, EAST 


Pagure 5. Neutron flux distribution in the south corer ean 





Al 


tO 


60 


310) fe 





40 SOUTH 4 


30 


\ 


foe : x = 
ion I3-5 7 +7 3W?>s a i ° 
0 s x 
40 . 
SOUTH 5 


SPECIFIC FOIL ACTIVITY 106 com./g 
0) 
O 
N 
\ 
\ 
\ 
\ 
i\ 
\ 
/ 
7, oO 
/; = 
/ 
7 
7 
/ 
7 





Y STATIONS 


Figure 6. Neutron flux distribution in the south core tank 





Z STATIONS 3 EAST AND WEST 


a . 
50 a 
va — 


5 NO 


OS 
O O 
~ 

\ 


NM 
O 





NG NS N4 N3 Ne NI 
FUEL ASSEMBLY 


80 Z STATIONS 9 EAST AND WEST 





13-10 


SPECIFIC FOIL ACTIVITY 106 com /g. 


ee S6 S5 S4 S3 S2 S| 7 


FUEL ASSEMBLY 


tfoure 7. lux distribution et 7 stations adjacent tc the 
contre] rods 





43 


CONCLUSIONS 


The investigation of the neutron flux distribution in 
the core of the UTR-l10 reactor at Jewa State i'niversity has 
been conducted using indium foils as a neutron detector. The 
restrictions placed on the reactor control rods were that the 
regulating rod was completely withdrav.n and that the reactor 
power of 0.1 watt was controlled manually with the shimesafety 
rod. rom a study of the activation of the foils in the core, 
it was evident thet the neutron flux distribution in the south 
core tank was not symmetric with respect to either the verti- 
cal or horizontal centerlines of the tank. Coinpsering the 
specific foil activities in comparable stations of the north 
and south core tanks, it was apparent that the flux distribue- 
tion was not symmetric between the two tanks, the flux in the 
north tenk being depressed celow that in the south tank. 

The limited survey of cadmium ratios in the core was not 
sufficient to permit a study of the thermal neutron flux dis- 
tribution. Amono those stations for which the thermal neutron 
flux was obtained, however, the maximum flux occurred at 


Station S4(9%)-3 and was 1.89 x 1b" /ae eee: 
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SUGGESTIONS TOR FURTHER STUDY 


Since the scope of this project was limited by the time 
available to accumulate data, further investiaation micht be 
conducted to obtain a cadmium ratio survey in the south core 
tank and to determine the thermal neutron flux there. The 
comparison of the thermal flux distribution with the flux 
distribution obtained by specific foil activities could be 
the basis for an extension of the present project. 

An alternative proposal might be to examine the effect 
of the regulating rod position on the thermal neutron flux 
distribution in the immediate region of the requlating rod. 
The investigation could be confined to the three fuel as- 
semblies adjacent to the regulating rod and would permit time 
for a more thorough inquiry into the effects of the regulating 
rod position on the thermal flux, 

*& related project might pe to investigate the performance 
of the 2" gas flow detector when the oas flow rate is varied 
from the designed rate, The uranium standard source could be 
used to provide a constant level of radiation while the gas 
pressure to the metering orifice was varied. The response of 
the detector under varying rates of gas flow then could be 


examined, 
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APPENDIX Az CORRECTION CF OBSERVED ACTIVITY 
FCR WAITING TIME 


The activated foils were observed at some time t, after 
reactor shutdown, and the observaticn period erded at a time 
t.. The total of observed events, N, occurred in the time 
interval t, - t,- Defining A = t. - ti? the average observed 


decay rate, hk, is then 


— } 
A= (14) 


tad 


The cuestion then arises as to what time in the observation 


period was this average decay rate applicable. 


Let R= the initial decay rate at reactor shutdown, cpm. 
\ = the elapsed time after t, at which R is ap- 
plicable, min, 
t = the time at which R is applicable, min. 


The decay rate at any time t after reactor shutdown is 
“At 


R(t) = Rye (15) 


end the total observed events in the time interval A are 
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Fquation 14 then becomes 


=) % a 
“Fr. (. © © ) 


7 o 
rm ———— (17) 


The average observed decay rate is then defined as 


oy <veh 
=i, © (18) 


ol 


Combining Equations 17 and 16 and simplifying the expres:ion, 
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Expanding the exponential term of Fijuation 20 in an infinite 


series, 


? 3 A 
eA = jle-A + co - sd ” A -,. . 2. & 


ind 
bm 
ad 





-. 2 3 
} a ‘ =} « Ooo, al” -- on Ss. (22) 


The infinite series expansion for In (1 + x) is 


In (1 +x) *®x ; (23) 
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Retaining all the terms of Equation 22 through the cubic term 





es gn 2 3 
Ln E ol Je asf ae = gol? . Loa)" ] (24) 


.xpanding Equation 24 in the series apjroximaticn cf Eyuation 
23, retaining all terms through the cubic term, and sub«ti- 
tuting in Equation 20, 

2 


a a oa min, (25) 


NO 


Eguation 25 retains all the cubic terms in the two series 
expansions and is valid where A is a small quantity in com- 


parison to one, 


116m 5 


The decay constant for In g 0.012836 aif. end 
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substituting this value in fquation 25, 
h = &- a* (0,0005248) min. na 


Since the time interval, A; was lese than ten minutes in all 
Sbservations of the indium fell, the observed decay rate is 
aseumed to be applicable at the midpoint of the observation 
period; the error involved is less than 3,3 seconds for a ten 
minute observation, 
The decay constant fer Ay is 1.7828 x 10°" Ta 
and, substituting this value in Equation 28, 
4 & =: ’.428 »x 107° A" ‘sin. (ie) 
Again, the time interval of observation «as se shert thet the 
midpoint of the period was considered as the time when the 
observed decay rate wes applicable, f¢r an eleven minute 
observation, the error involved is lees than ©.C6 second. 
Since mest of the observation periods for both the indium 
and gold fciis «ere two minutes, the second term of Cyuatian 
25 may be neglected, Consequently, the foil ectivity at the 
time of observation was corrected for the elapsed time betwee, 
reactor chutdoun and the middle of the counting periead. Ax 
shown in E.vwation 18 
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APPENDIX 5: STATISTICAL ACCURACY Cr DATA 


The mathematical relationships pertaining to a Poisson 
distripution (as cited in Cverman and Clark, lla, p. 114) 
have been applied to the observed data to obtain an indica- 
ticn of the accuracy attained in the measurement of the foil 
activity. Since, in most cases, there was only one observa- 
tion for each foil, the standard deviation of the decay rate 
was obtained from the relation 


1 
, * Ry“? 


(29) 
For the difference of two cquantities, KX and ¥Y, each having an 
associated error Oy and Gy respectively, the standard devia- 
tien was calculated with the expression 
1/2 
3, * (oy* + o,*) ( 30) 
To obtain the standard deviation of the product of two inde- 
pendent yuantities, X and Y, the relationship used in the 


calculations was 


2 2 


Var oe L/2 
7 = (XY) (e+ ee) j (31) 
fk ye yA 


The standard deviation of the quotient of two independent 
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guantities, X and Y, was calculated from the relaticnship 


7-3 
2 (xX) (4 “~~ Vis 


These four basic euuations were used to calculate the 
standard deviations of the observed data and of the normal- 
izinc factors derived from these data. The results of these 
calculations are shown in Table 6, The background rate was 
rounded to the nearest integral number before it was sub- 
tracted from the observed decay rate; however, decimal frac- 
tions of the decay rates were retained in the standard 


deviation to show the effect of combining the rates. 
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